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Spin triplet superconductivity in the Kondo lattice UTe2 appears to be associated with spin fluctuations
originating from incipient ferromagnetic order. Here we show clear evidence of twofold enhancement of
superconductivity under pressure, which discontinuously transitions to magnetic order, likely of ferromagnetic
nature, at higher pressures. The application of a magnetic field tunes the system back across a first-order phase
boundary. Straddling this phase boundary, we find another example of reentrant superconductivity in UTe2 . As
the superconductivity and magnetism exist on two opposite sides of the first-order phase boundary, our results
indicate other microscopic mechanisms may be playing a role in stabilizing spin triplet superconductivity in
addition to spin fluctuations associated with magnetism.
DOI: 10.1103/PhysRevB.101.140503

While proximity to antiferromagnetism is believed to be
a key ingredient for unconventional superconductivity (SC),
ferromagnetism (FM) is generally antagonistic and incompatible with superconductivity. In a very few cases [1–3], where
FM and SC coexist and are carried by the same electrons,
magnetic fluctuations tend to induce triplet pairing, which
is a natural candidate for topological SC [4]. Understanding
the mechanisms that helps to stabilize triplet SC is therefore
important both at the fundamental quantum mechanics level
as well as for potential application for quantum computation.
The recently discovered heavy fermion superconductor
UTe2 [5,6], as a paramagnetic end member of the ferromagnetic superconductor series, provides a new platform to
study the interaction between FM and triplet SC. The triplet
pairing in UTe2 is clearly manifested by striking experimental
results: a remarkably large and anisotropic upper critical field;
temperature-independent nuclear magnetic resonance (NMR)
Knight shift [5,7]; two independent reentrant superconducting
phases existing in extremely high magnetic fields [8,9]; and
point node gap structure demonstrated by thermal conductivity, penetration depth [10], and specific-heat measurements
[5,6]. Scanning tunneling microscopy (STM) measurements
further reveal signatures of chiral in-gap states predicted
to exist on the boundary of a topological superconductor
[11].
Unlike the ferromagnetic superconductors that share some
common features with UTe2 [1–3], UTe2 does not order
magnetically prior to the onset of SC [5,12]. Instead, scaling
analysis shows that it is close to FM quantum criticality
[5]. Strong, nearly critical fluctuations have been revealed
by NMR [13] and muon spin relaxation measurements [14].
Therefore, a quantum phase transition into a magnetic phase
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is likely to be revealed by tuning the system with pressure.
Here we report twofold enhancement of spin triplet SC in
UTe2 [5] under pressure. This occurs as an energy scale is
continuously suppressed, the origin of which may be related to
Kondo physics. At higher pressures, magnetic order emerges
with a first-order phase transition. This phase boundary can
be crossed again by applying a magnetic field which increases
hybridization, and SC reenters. This shows that multiple microscopic mechanisms conspire to strengthen SC.
Single crystals of UTe2 were synthesized by the chemical
vapor transport method using iodine as the transport agent. A
nonmagnetic piston-cylinder pressure cell was used for electrical transport measurements under pressure up to 1.7 GPa,
with Daphne oil 7373 as the pressure medium. Transport
measurements were performed in a Quantum Design physical
property measurement system, and in an Oxford 3 He system
[15]. The current was applied in the (011) plane. The magnetic
field is about 30◦ away from the a axis towards the bc
plane, which was calibrated using the anisotropic critical field
value of superconducting transition. Magnetic susceptibility
measurements under hydrostatic pressure were performed in
a Quantum Design magnetic property measurement system
using a BeCu piston-cylinder clamp cell with Daphne oil as
pressure medium. In both cases, pressure produced on the
single-crystal sample at low temperatures was calibrated by
measuring the superconducting transition temperature of lead
placed in the cell. The known pressure dependencies of the
superconducting transition temperature of Pb [16] were used
for this purpose.
Figure 1(a) summarizes the resistivity data as a function of
both temperature and pressure in zero magnetic field. Below
1.31 GPa, the transition temperature of SC, Tc , forms a clear
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FIG. 1. Phase diagram of UTe2 under pressure in zero magnetic
field. (a) Color contour plot of the resistivity data as a function
of both temperature and pressures in zero magnetic field, and the
resulting phase diagram. Solid red dots represent the Tc of superconductivity determined from resistance measurements. Error bars are
defined by the onset and offset of superconducting transition. The
half open red dots represent the Tc of superconductivity determined
from magnetization measurements. Brown dots represent the kinks
in the R(T ) data in the low-pressure range. Blue and green dots
represent the local minimums in the R(T ) data in the high-pressure
range. The gray region indicates the critical pressure region of finite
width. Note that for 1.4 GPa, the resistance shows a dramatic drop
without reaching zero. Superconductivity reenters in the magnetic
field. (b) The temperature dependence of resistivity data in zero
magnetic field for selected pressure values. The low-temperature resistivity exhibits a clear evolution in slope, from positive to negative,
as pressure increases.

dome feature under pressure peaked at 1 GPa, where Tc is
doubled, compared to the ambient pressure value, reaching
3.2 K. The bulk nature of the SC is confirmed by magnetization data under pressure up to 0.93 GPa, measured down to
1.8 K [17].

The enhancement of Tc is accompanied by a systematic
change in the low-temperature normal-state resistance value
[Fig. 1(b)]. At ambient pressure, the resistivity in the normal state continuously decreases and shows a slope change.
The temperature of this slope change T ∗ is very sensitive
to the current direction. In this study, the current flows in
the (011) plane, and the slope change appears at 13 K at
ambient pressure. As pressure increases, T ∗ is monotonically
suppressed from 13 K to about 5 K for 1.02 GPa, and at higher
pressures the signature is no longer visible. Suppression with
pressure of scattering associated with T ∗ is also evident in
R(H ) curves, as shown in the Supplemental Material [17]. For
temperatures above T ∗ , resistivity scales with a temperaturedependent effective field fairly well, indicating magnetoresistance is governed by one energy scale, and it starts to deviate
at low temperatures. The evolution of the temperature range
for scaling is consistent with the suppression of T ∗ , e.g.,
for 0.45 GPa, the scaling is achieved above 10 K, while for
1.18 GPa, the scaling works from temperatures above Tc .
It is possible that the energy scale suppressed under
pressure is associated with the Kondo coherence. At ambient
pressure, the resistivity in the normal state shows standard
behaviors of Kondo lattice materials: at high temperatures,
R(T ) slightly increases upon decrease of temperature due
to the single-ion Kondo hybridization with the conduction
band, while at low temperatures, R(T ) suddenly drops due to
the formation of Kondo coherence. The formation of Kondo
coherence is also evidenced in the magnetization which
decreases along the b axis and becomes temperature independent [5], as well as the recent STM measurements showing a
clear resonance feature interpreted in terms of a Kondo lattice
peak [11]. However, as T ∗ is very sensitive to the current
direction, the slope change of the resistance is likely a result
of a combination of Kondo and other scattering process,
e.g., scattering from photon and magnetic fluctuations, and
therefore T ∗ may not reflect the exact Kondo coherence
temperature. Other measurements under pressure, such as
magnetization, will help to better resolve the nature of T ∗ .
As the pressure further increases, both the normal-state and
superconducting properties change dramatically. The normalstate resistivity increases upon cooling with two successive
local minima indicating phase transitions. The temperature of
the lower temperature minimum Tp does not change much
with pressure or magnetic field [Fig. 2(b)]. The temperature
of local minimum at higher temperature Tm increases with
pressure, and is highly sensitive to the magnetic field, e.g.,
suppressed from 7 K to 4 K by 6 T, and disappears in
higher magnetic field for 1.4 GPa, indicating its magnetic
nature [Fig. 2(b)]. Neither Tp nor Tm appear to track to zero
temperature. Extrapolations of the pressure dependence of T ∗ ,
Tm , Tp , and Tc meet in the critical pressure region, suggesting
that a first-order transition occurs when these phenomena have
a common finite energy scale.
In an interesting twist, magnetism is suppressed by applied magnetic field, resistivity decreases, and SC is induced,
yielding another example of reentrant SC in UTe2 . This is
most apparent at 1.4 GPa. At this pressure, although there
is a large drop in the resistivity at low temperatures, a zero
resistance state is not achieved (Fig. 2). This is a signature of
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FIG. 2. Magnetic field as a tuning parameter. (a),(b) Resistance data as a function of temperature for different magnetic fields, for 1.18 and
1.4 GPa. Negative normal-state magnetoresistance and sharp upper critical fields are evident. (c),(d) Resistance data as a function of magnetic
field for different temperatures, for 1.18 and 1.4 GPa. Reentrant SC is readily apparent in the low-temperature magnetoresistance.

partial volume SC, which is stabilized by local strains on the
high-pressure side of the first-order phase transition. As the
magnetic field is increased, the resistivity finally drops to zero.
This reentrant SC is stable between fields of 2 and 8 T, and
appears to be related to the sharply suppressed magnetic order.
Similar reentrance of SC in the magnetic field is also observed
for 1.35 GPa, but only at 1.6 K, not the zero-temperature
limit.
In the region of partial volume SC [gray region in
Fig. 3(a)], we observe fairly large hysteresis in the magnetic field dependence of R data [Fig. 3(c)]. Below 2 K,
the resistivity increases quickly upon upsweep in the very
low field range, leading to a larger value than that upon
downsweep. Above the gray region, the hysteresis disappears.
Such hysteresis is typically associated with FM domain motion, indicating the magnetism under high pressure is FM.
On the other hand, the hysteresis observed here is only
seen at temperatures below the sudden drop of resistivity,

suggesting the role of an additional mechanism. Due to the
first-order phase transition separating SC and FM as a function of pressure, both phases can coexist heterogeneously.
The relative volume fractions are different upon up- and
downsweep of magnetic field, leading to the hysteresis. The
first-order nature of Tm is more obvious when it is suppressed to lower temperatures by applied field. As shown in
Fig. 3(b), in 6 T, R(T ) also shows well-defined hysteresis in
temperature. Similar hysteresis is observed at lower pressure
in zero field [17]. As FM quantum phase transitions are
discontinuous in clean metallic systems [18] yet can still
act as a source of strong order parameter fluctuations [19],
this critical pressure-field region emerges as a likely source
of the strong spin fluctuations observed in UTe2 at ambient
pressure.
Two other reentrant superconducting phases have been
already observed in UTe2 under high magnetic field [8,9], at
ambient pressure, which are likely induced by ferromagnetic
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FIG. 3. Hysteresis in temperature and magnetic field for 1.4 GPa. (a) Magnetic and superconducting phase boundaries at 1.4 GPa.
In the pink region hysteresis is observed in the temperature-dependent resistance data. In the gray region, superconductivity coexists
with magnetism, and hysteresis is observed in the field-dependent resistance data. Error bars of Tc are defined by the onset and
offset of superconducting transition. (b) Resistance data as a function of temperature for H = 0 and 6 T, showing clear hysteresis in
temperature when the magnetic phase is suppressed to low enough temperature. (c) Resistance data as a function of magnetic field
from −1 to 1 T for 0.3, 1, 2, and 3 K, showing hysteresis in magnetic field in the region where superconductivity coexists with
magnetism.

fluctuations and decreased dimensionality. The reentrant superconducting phase observed under pressure is quite different. First, the magnetic field scale is much smaller here.
In addition, in this case reentrant SC exists on both sides
of the magnetic phase boundary, while in the case of the
field-induced SC at ambient pressure, SC only exists in
the field polarized state [8]. These differences indicate the
reentrance of SC is probably due to a different mechanism.
The domelike feature and the suppression of multiple energy
scales in the vicinity of optimal SC indicate that SC is closely
related with fluctuations from the competition of these energy
scales.
The pressure dependence of UTe2 is qualitatively different from that of the ferromagnetic superconductors [20], in
which case SC coexists with FM. For UGe2 and URhGe, SC
exclusively exists inside the FM region, while for UCoGe,
SC exists on both sides of the FM boundary [20]. In all
these cases, FM fluctuations are believed to be responsible
for the triplet pairing [21]. In general, the role of electronic
instabilities in the ferromagnetic superconductors remains an
open question; even in the case of UGe2 , where changes in
magnetic order coincide with apparent Fermi surface changes,
SC is not a ground state on the paramagnetic side [20].
However, in pressure-tuned UTe2 , SC and magnetism exist
on two opposite sides of the phase boundary (Fig. 4). This

insight may help to better understand the FM superconductors
and further reveals a new paradigm for enhancing spin triplet
SC.
Note added. Recently, Braithwaite et al. independently
reported specific-heat and transport measurements on UTe2
under pressure [22]. Their observation of a pressure-enhanced
superconducting transition temperature and emergence of a
higher pressure magnetic phase is consistent with our results.
They observe multiple superconducting phases under pressure
in specific-heat measurements, which cannot be observed in
transport measurements.
We acknowledge S. L. Bud’ko and P. C. Canfield for
providing the pressure medium. S.R. is grateful for inspiring
discussions with Y. F. Yang and Y. Wang. We acknowledge W.
T. Fuhrman for assistance during sample synthesis. We also
acknowledge H. Hodovanets for helpful assistance during our
experiments. The Research at the University of Maryland was
supported by the National Institute of Standards and Technology (NIST), the U.S. National Science Foundation (NSF)
Division of Materials Research Award No. DMR-1610349,
the U.S. Department of Energy (DOE) Award No. DE-SC0019154 (experimental investigations), and the Gordon and
Betty Moore Foundation’s EPiQS Initiative through Grant No.
GBMF4419 (materials synthesis).
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FIG. 4. Schematic phase diagram of UTe2 , emphasizing the opposing roles of pressure P and magnetic field H as tuning parameters. For
clarity, only one of the phase transitions in the high-pressure region is plotted. In the low-pressure region, paramagnetic superconductivity
SCPM (in yellow) exists below T ∗ . On the high-pressure side of the critical pressure Pc , magnetic order (green) is suppressed by field, and
reentrant superconductivity SCFM is observed at low temperature (blue). Coexistence of magnetism and SC is observed at these pressures.
Constant pressure slices are shown for low pressure (i), 1.35 GPa (ii), and 1.4 GPa (iii). In (i), the T and H limits of superconductivity are
rather pressure insensitive. In (ii) and (iii), the magnetism/SC coexistence regions are marked in gray, and the relationship between optimal
SC and suppression of magnetism are clearly seen. Error bars of Tc are defined by the onset and offset of superconducting transition.
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